The contribution of concrete-polymer composites, particularly polymer-modified cement concrete and mortar, to sustainable construction technology is manifold. By polymer modification of concrete, an interpenetrating network of polymer and cement hydrates is generated in which the aggregates are embedded. The synergetic action of polymers and cement concrete offers great opportunities for improvement and a wide range of new and innovative properties and applications. Durability is increased to a great extent. Renovation and restoration figure largely in the concept of sustainable construction development. Polymermodified cement mortars have an excellent adhesion strength and durability and are therefore widely used as repair materials, enabling conservation of damaged or obsolete structures, and thus limiting mass, energy and pollutant flows.
Introduction
During the latter part of the 20 th century, the environment and sustainability have become an important issue on the political agenda. The Brundtland Report of the World Commission on Environment and Development, also known as "Our Common Future" [1] , defined sustainable development as a development that meets the needs of present generations without compromising the ability of future generations to fulfill their own needs. There is no need to return to nature. We have to deal consciously with nature without lowering our standard of living. Human well-being should be improved in the short term without threatening the local and global environment in the long term. Sustainability should not only be interpreted in an ecological and economical way. Also the social and cultural components should be emphasized.
The construction sector can contribute a lot to a sustainable and global development. As much as 50% of all materials extracted from the earth's crust are transformed into construction materials and products. Including energy in use, when installed in a building, they account for as much as 40% of all energy use. Moreover, these same materials when they enter the waste stream, account for some 50% of all waste generated prior to recovery [2] . With respect to sustainable construction, the European Commission, Member States and the Construction Industry distinguish three main issues: environmentally friendly construction materials, energy efficiency in buildings and construction and demolition waste management. This paper deals with the contribution of concrete-polymer composites, especially polymer-modified cement mortars, to sustainable construction materials.
The use of plastics in building industry
In the sixties and seventies of last century the use of polymers was considered to be a sign of progress and modern attitude in construction. Polymers were widely used for concrete crack injection, as repair mortar for concrete and stone, for consolidation of masonry, to replace degraded parts of timber structures,… Lack of knowledge and experience and the extended use of pure polymers led to inherent chemical and physical incompatibility, mechanical malfunctioning and durability problems [3] .
In the early seventies the oil crises learned that mineral oil as a cheap basis for polymer production was no longer available. It is clear that all fossil resources are finite. If consumption of fossil fuels is diminished, exhaustion is only delayed. The only way, in which fossils are not being used up, is a reduction of the consumption to zero. The natural resources are than saved for next generations, who will wrestle with the same ethical problem and could also decide to save these gifts of nature for the future. But what is the use of these gifts, if consumption is never allowed? Earlier generations, who did not know about the existence of these resources, could not enjoy their benefits. Due to the lack of energy resources, their standard of living stayed almost the same for several ages. Nowadays, having discovered fossil fuels and having the technological means to use them advantageously, it can be stated that it would be rather unjustified to do nothing with them and to save them for next generations. Actually, fossil resources can not be squandered and have to be used well considered. Four imperative conditions for the finishing up of these geological treasures can be stated [4] . Fossil resources can only be consumed to enhance our standard of living, prosperity and common well-being. Secondly, while using fossil fuels, the duty of present generations is to search for alternative energy resources, so that next generations do not need fossil fuels anymore. The third condition is that the industrialized world should make use of sophisticated techniques and scale back consumption of easy energy resources, whereas developing countries can still support their growth with these resources. Finally, a sufficient amount of mineral oil should be kept for petrochemical purposes.
Only 8% of the extracted crude oil is used as raw material for chemical industry, of which plastic industry consumes 4%. Heating, energy and electricity account for 42% and transport for 45%. An analysis of plastics consumption and recovery by the Association of Plastics Manufacturers in Europe (APME) shows that the building and construction sector is still the third largest user of plastics in 2002 with a consumption of 6 710 000 tons of plastics, which is 17.6% of total consumption in Western Europe (Table 1 ). There was a slight decrease in plastics consumption between 2000 and 2002, which was due to the negative effects of the broader economic downturn, but there are some signs of a recovery. Table 2 , the share in weight of polymers is only 1% of all building materials [5] . Considering the financial turnover, polymers represent more than 10% of construction industry. Only 7% of these polymers, or 486 000 tons/year, are used to modify mortar or concrete. So, polymers represent rather a small share of construction materials, but they can influence the properties of cementitious materials to a great extent. 
As illustrated in

Restoration within the vision of sustainability
Because of the importance of environmental protection, energy saving and reduction of demolition waste within the vision of sustainability, restoration has become an important issue. The whole process to make a product consumes a lot of raw materials and energy. By restoration instead of new building, the environment is spared and the waste stream of building materials is diminished [6] .
The life cycle of a building or construction consists of three main stages, each involving a lot of energy and/or raw material. During the production stage, building materials and construction components are manufactured. After the transportation to the site, the construction is erected. The management stage is characterized by periods of occupation and renovation until the life span is exceeded and the construction will be pulled down. All temporal stages, represented in Figure 1 , are taken into account in a life cycle analysis (LCA). LCA can be used to study and estimate the amount of energy and raw material that is consumed during the life of the construction. Renovation is an important phase that extends the life span of the construction. Products that have been expired or have become worn out are exchanged without demolishing and rebuilding the construction as a whole. Figure 1 : Temporal stages of a construction during its life cycle [7] To understand the overall impact of renovation, a global view of all relevant elements is needed. There is a strong interaction between three domains: the techno-field, the social field and the eco-field [8] . The techno-field is characterized by an input, processes and an output. Raw materials are extracted from the eco-field and transformed by technological processes to products, which fulfill the needs of society. During processing and consumption of the product, emissions are possible. Figure 2 shows the critical points that can be changed to obtain a more sustainable entity. This global system can easily be applied to building industry. Furthermore, in the definition of sustainability, technological, ecological as well as social factors play an important role. The rate of consumption of energy and raw materials during processing should be limited. An ideal situation is created when the rate of consumption is lower than the rate of natural production. Because this is often still impossible, consumption should be restricted to a minimum. In addition, one should try to attempt the highest possible efficiency during processing and be aware of possible adverse emissions, which must be avoided. The global system of techno-field, social field and eco-field [8] Even from the viewpoint of sustainability, it is allowed to build. In spite of all adverse consequences and side effects, building brings a higher benefit for society [6] . Of course, one has to behave environment-conscious, from the winning until the waste treatment, and as stated before, try to use environment-friendly materials and manage the demolition waste.
Restoration can be a valuable solution for this problem. Conservation of structures and systems reduces the need for base materials and may limit the energy required. Also a lot of dangerous emissions can be avoided. Considering Figure 2 , the construction returns to the techno-field. Different processes (treatment with a repair mortar, additional strengthening,…) restore the construction with a limited amount of materials, energy and emissions. 
Concrete-polymer composites as sustainable construction materials
Concrete-polymer composites have been developed within the past 50 years. Three categories can be distinguished. Polymer-impregnated concrete (PIC) is produced by impregnating hydrated Portland cement concrete with a low viscosity monomer and by subsequent polymerization by radiation or thermal catalytic techniques. Polymer concrete (PC) consists of aggregate with a polymer binder and contains no Portland cement or water. Polymer-modified cement mortar and polymer-modified cement concrete (PcC) are prepared by mixing a small amount of polymer with the fresh cement mortar and concrete mixtures. PIC has essentially disappeared from the scene and also PC has not become as widely used as originally predicted [9] . In this paper, only PCC will be further discussed.
Polymer-modified mortar and concrete
PCC is produced by mixing either polymer dispersions, redispersible powders, water-soluble polymers or liquid polymers with the fresh mixture. Even monomers can be added to the cement on the assumption that polymerization and adequate film formation take place in combination with the cement hydration process [10] . Generally, polymer dispersions that consist of very small polymer particles (0.05-5µm) dispersed in water are used. The spherical particles with a high molecular weight are held in dispersion with the aid of surface active agents or surfactants. These surfactants are not only added to allow emulsification during the production process of the dispersion, but also to preserve stability of the dispersion until coalescence of the polymer particles in the material takes place.
During cement hydration, the surfactants have a negative effect on the hydration reactions, the quality of the formed hydrates and the polymer film formation. The surfactants hold the water that is needed for hydration more thoroughly than in the case of the unmodified samples. The release of water takes time, so hydration is retarded. Furthermore, polymer film formation is disturbed due to the presence of surfactants. An energy barrier hinders the immediate coalescence of the polymer particles. The minimal film forming temperature (MFT) indicates the temperature at which the polymer particles have sufficient mobility and flexibility to coalesce together and form a continuous, crack-free film [11] . The formation of the polymer film can take place from the moment two polymer droplets have sufficient energy to overcome the repulsion forces originating from the surfactants. Two droplets can coalesce when the temperature is high enough or when additional forces are exerted on the water of the polymer particles, such as capillary forces or the withdrawal of water due to the cement hydration. The MFT is no pure material characteristic but is mainly influenced by the curing conditions, i.e. the relative humidity and the drying rate [12] .
Contribution of PCC to sustainable constructions
The contribution of concrete-polymer composites to sustainable construction materials and systems is twofold. Firstly, in renovation technology, structures can be restored by using PCC as repair materials. The need for raw materials is reduced and the environment is spared. Secondly, the synergetic interaction between the polymer film and the cement hydrates improves the properties of the modified system. A durable material is obtained that is much more resistant against severe conditions.
Synergy leads to superior properties
PCC contains two binder systems: the system based on hydraulic cement and the polymer system. An interpenetrating network of polymer and cement hydrates is generated in which the aggregates are embedded. Superior properties of the modified system are attributed to the film formation of the polymer particles and the synergetic interaction between the components. It is therefore important that both film formation and cement hydration occur and a monolithical matrix is formed (Figure 3) [12] . Figure 3 : Polymer bridge connecting two aggregates, etched sample [12] Polymer modification changes the properties of the fresh mixture as well as these of the hardened material. The most important influences on the fresh mixture are improved workability, increased air entrapment and retarded cement hydration. Workability of the mixture is improved at constant w/c ratio due to the ball bearing effect of the polymer particles, the increased air entrapment and the dispersing action of the surfactants. On the other hand, cement hydration may be retarded. The polymer film may encapsulate unhydrated cement particles and water migration may be hindered by the presence of the polymer film. Furthermore, the water is retained by the surfactants. Air entrainment must be limited.
Properties of the hardened material that are remarkably improved by polymer modification are the abrasion resistance, the adhesion to other materials and the durability. The improved adhesion makes the material extremely appropriate as a repair mortar. The increased resistance to the penetration of chlorides, oxygen, water and carbon dioxide results in a higher durability. The reduced permeability and water absorption of polymer-modified cement mortars is attributed to the changed pore structure. The large pores are filled with polymers or sealed by a continuous polymer film. The waterproofness is also improved by the hydrophobic nature of most polymers. The good resistance of the polymer itself, the reduced permeability, the low w/c ratio and the densified structure lead to a higher resistance against chemicals. The cement matrix is generally not able to withstand the action of organic or inorganic acids. A long-term resistance to chemicals that react with cement hydrates, such as acids, can not be guaranteed.
Repair material
Polymer modification is a frequently used in restoration and repair industry to overcome some of the shortcomings of conventional mortars and concretes, e.g. poor tensile and impact strength, limited resistance to corrosion and poor behaviour under severe conditions. Polymermodified mortar and concrete are very attractive repair materials because of their excellent adhesion to old concrete and other mineral materials. Their modulus of elasticity and coefficient of thermal expansion are comparable to those of conventional concrete and so is their process technology.
Future developments
The presence of surfactants in polymer dispersions can lead to an excessive air entrainment and has a negative effect on the cement hydration and on the polymer film formation as mentioned above. The addition of emulsifier-free dispersions or water-soluble polymers may circumvent some of these problems. Further research on the solubility of polymers, appropriate for the modification of cementitious materials, and on the influence of these polymers on the microstructure building is needed.
An other type of sustainable concrete-polymer composites is epoxy-modified concrete or mortar without any hardener. It has been shown that even without any hardener the epoxy resin can harden by a ring-opening reaction in the presence of hydroxide ions produced by the hydration of cement. Applicability and cost-performance ratio are improved and the use of a toxic hardener is avoided [13] . The reuse and recycling of industrial wastes and polymer concrete products are also important issues from the viewpoints of environmental protection and resources exploitation.
Conclusion
Because of the exhaustibility of fossil fuels, all use of these resources is submitted to strict conditions. Polymers are only used in these areas where their specific properties are needed. Nevertheless, polymer-modified mortars can contribute a lot to sustainable construction materials and systems. The synergetic interaction between cement matrix and polymers influences the material properties to a great extent, especially the durability. Materials with an improved resistance against severe conditions are created. Furthermore, polymer-modified mortars are frequently used as repair mortars because of their excellent durability and adhesion to other cementitious materials.
